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We have investigated different geometries of two dimensional (2D) infinite length Ni nanowires
of increasing width using spin density functional theory calculations. Our simulations demonstrate
that the parallelogram motif is the most stable and structures that incorporate the parallelogram
motif are more stable as compared to rectangular structures. The wires are conducting and the
conductance channels increase with increasing width. The wires have a non-linear behavior in the
ballistic anistropic magnetoresistance ratios with respect to the magnetization directions. All 2D
nanowires as well as Ni (111) and Ni (100) monolayer investigated are ferromagnetic under the Stoner
criterion and exhibit enhanced magnetic moments as compared to bulk Ni and the respective Ni
monolayers. The Stoner parameter is seen to depend on the structure and the dimension of the Nws.
The easy axis for all nickel nanowires under investigation is observed to be along the wire axis. The
double rectangular nanowire exhibits a magnetic anomaly with a smaller magnetic moment when
compared to Ni (100) monolayer and is the only structure with an easy axis perpendicular to the
wire axis.
PACS numbers: 31.15.E-,73.63.-b,75.75.-c,75.30.Gw
I. INTRODUCTION
Magnetism in nanoscale films is an exciting area of
research, as their magnetic behavior is different than
that observed in bulk. The applications of magnetic ma-
terials are mostly determined by the softness or hard-
ness of the magnet. The soft magnets with low coer-
civities are used for flux guidance in permanent mag-
nets and in transformer cores for high frequency and
microwave applications.1,2 In hard magnets, knowledge
of the easy direction of magnetization and magnetic
anisotropy energy is necessary for high density recording
devices such as memories and magnetic tapes in audio-
visual technology.1,2 The magnetic properties of materi-
als in the nanoscale regime are quite interesting as they
show enhanced magnetic moments due to the reduced co-
ordination, and exhibit magnetic anisotropy due to sym-
metry breaking.
Nickel is one of the most investigated materials, for
its magnetic properties and its applicability in mate-
rial science. The magnetic properties of bulk nickel,3–8
Ni surfaces9–15 and layers11,16–20 have been investigated
in great detail. Single atom linear chains and zigzag
nanowires (Nws) of Ni have been studied earlier for their
stability.1,4,21–27 The investigations by Tung et al., on
the magnetic properties of all 3d transition elements have
found that in Ni the linear and zigzag wires are ferromag-
netic. In a recent work, Zeleny´ et al.,21 have investigated
systematically the variation in structural and magnetic
properties of one dimensional nanowires, two dimen-
sional strips and three dimensional rods, under compres-
sion. The compressed two dimensional (2D) Ni nanowires
have a ferromagnetic ground state, because of magnetic
shape anisotropy1,21. This result contradicts the work
of Mermin-Wagner28, which showed that, one and two
dimensional structures cannot exhibit ferromagnetic or
antiferromagnetic behavior, under the isotropic Heisen-
berg model. Clearly, the magnetic anisotropy plays a
crucial role which needs to be understood and investi-
gated for a fundamental understanding of the magnetic
behavior and its dependence on the structure. The mag-
netic anisotropy in low dimensional chains is seen to ex-
hibit significantly different behavior than bulk.1 The re-
sults for linear (viz., V, Cr and Fe) as well as zigzag
(Cr, Mn and Co) transition metal chains show that these
systems show stable axial magnetic anisotropy energy,
with large magnitude in comparison with that of bulk.
It was also observed that, the magnetic anisotropy en-
ergy especially, shape anisotropy energy was sensitive to
the atomic arrangement of the nanowires even in low di-
mension. These results highlight the strong impact of
magnetic anisotropy energy on the magnetic ground state
of low dimensional material. Nanowires with very strong
magnetic anisotropy with the magnetic moments in the
ferromagnetic order have potential applications in ultra-
ar
X
iv
:1
50
2.
03
20
2v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
11
 Fe
b 2
01
5
2high density magnetic memories and storage devices.1
Hence, the relationship between magnetic anisotropy en-
ergy and the geometrical structure of the atomic chains
with gradually varying atomic width will be interesting
for basic understanding as well as for specific applications
in devices. This kind of an investigation is not available
either theoretically or experimentally for 2D nanostrips.
In addition to the magnetic ground state, the magnetic
anisotropy and hence the direction of the magnetic mo-
ments has a significant effect on the ballistic conductance
in magnetic nanowires. The experimentally observed bal-
listic conductance in linear Ni Nws was successfully ex-
plained by considering the magnetic domain formation
over uniform magnetic moments.24,25,29–33 The exact ef-
fect of orientation of the magnetic moment with respect
to the current direction on the ballistic conductance in
the linear Ni Nw was demonstrated by Velev et al,34 and
it was found that changing the direction of the magnetic
moment either perpendicular or parallel to the current
direction enhances the ballistic conductance upto 14%.
Hence, it will be very interesting to investigate the effect
of the direction of the magnetic moment on the ballis-
tic conductance of the nanowires with reduced symmetry
and larger widths than the linear nanowire.
In the present paper, we have investigated the mag-
netic and electronic properties of nickel nanowires as their
structure varies from a linear chain to two dimensional
nanostrips of increasing widths. Besides their stability,
we have investigated the effect of the geometrical struc-
ture on their magnetic properties. We confirm the fer-
romagnetic ground state of Ni Nw structures based on
Stoner’s criterion. We have studied systematically the
the effect of geometrical structure on the spin depen-
dent ballistic conductance. We observe a structure de-
pendence on the value of the Stoner’s integral which is
so far known to be a constant for a particular material.
The structure of the paper is as follows: Section II gives
an overview of computational parameters and methods
used. The results on the stability, electronic structure,
conductance, magnetic properties and magnetic transi-
tion are discussed under Sec. III which is followed by a
summary of the work in Sec. IV.
II. COMPUTATIONAL DETAILS
We have performed total energy calculations based
on ab initio spin density functional theory (DFT)
as implemented in the Vienna ab initio Simulation
Package(VASP)35–37. The Projector Augmented Wave
method (PAW)38 and the Generalized Gradient Approxi-
mation (GGA)39 have been used to describe the electron-
ion interactions and the exchange correlation interac-
tions. The details of modeling of such nanowires and the
calculation of the binding energy have been described ear-
lier for gold.40 The geometry optimization and the elec-
tronic band structure calculations are performed without
the scalar relativistic effects, as the investigations on 3d
transition metals have demonstrated that the spin orbit
coupling energy is approximately 3 times smaller than
the exchange splitting in bulk Ni,9 and hence can be ne-
glected.
The magnetic anisotropy in a magnetic material has
contributions from magnetocrystalline anisotropy and
magnetic shape anisotropy. In bulk Ni, the shape
anisotropy energy does not contribute and the only
contribution is from the magnetocrystalline anisotropy.
However, in 1D wires and 2D strips, the reduced sym-
metry of the system gives non-zero contributions to the
shape (magnetostatic) anisotropy. The magnetic shape
anisotropy is computed based on the magnetic dipolar
energy, resulting from the interactions of the magnetic
moments with each other. It is given by
εd = µ
2
B
∑
i,j
′
(
mi ·mj
|rij |3 −
3(mi · rij)(mj · rij)
|rij |5
)
(1)
where, mi and mj are the magnetic moments at the ionic
positions ri and rj . The vector rij is defined as |ri-rj |.
The magnetic dipolar energy εd is a long range interac-
tion, hence the value of εd has been converged over the
length of the nanowire by using supercell. The dipolar
energy is sensitive to the orientation of the magnetic mo-
ments, hence we define magnetic shape anisotropy (MSA)
as, Ks1 = ε
yˆ
d − εxˆd and Ks2 = εzˆd − εxˆd where εxˆd , εyˆd and εzˆd
are the classical dipole-dipole interaction energy terms,
when the magnetic moments are aligned along xˆ, yˆ and
zˆ direction.
For the calculation of the magneto-crystalline
anisotropy energy (MCA), we have done self consistent
calculations by including the spin orbit coupling and
with the magnetization direction oriented along one
of the Cartesian axes. We have used the total energy
difference method for the calculation of the anisotropy
energy (MCA) due to the orientation of the magneti-
zation along the different directions. We have defined
Kc1= E
yˆ-Exˆ, and Kc2=E
yˆ-Ezˆ, where, xˆ is the periodic
wire direction, yˆ is the perpendicular direction in the
plane of the wire and zˆ is perpendicular to both the wire
axis and the wire plane. The total magnetic anisotropy
(MAE) is calculated as, K1(2) = K
s
1(2) +K
c
1(2).
In order to understand the electronic and conduction
properties of the nanowires, we have performed band
structure analysis as described by Kashid et al.40 The
conducting properties of nickel nanowires are investi-
gated based on the Landuaer-Bu¨ttiker formalism,41 using
the method of plane waves.42,43 For ideal infinite length
nanostrips, the ballistic conductance (G) can be written
as,
G =
2e2
h
N(E) (2)
where, (2e2/h) represents the quantization unit of con-
ductance, in the case of spin degeneracy. The term N(E)
shows the number of conductance channels, and it is ex-
plicitly calculated by counting the number of bands cross-
ing the Fermi energy EF ). For ferromagnetic nanowire,
3(i) LR
(a) Single Row
(i) RT (ii) PR-1
(b) Double Row
(i) RH (ii) RT-2 (iii) PNT (iv)PR-2
(c) Triple row
(i) RT-3 (ii) HX (iii) PR-3
(d) Quadruple row
(i) CHX-1 (ii) RT-4 (iii) HX-T1
(iv) HX-T2 (v) PR-4
(e) Quintuple row
(i) RT-5 (ii) CHX-2 (iii) PR-5
(f) Six row
FIG. 1: The optimized geometries of the nickel nanowires with increasing number of rows (1-6) of atoms. In each row, the
geometries are arranged in ascending order of stability. ‘T’, ‘I’ and ‘C’ denote the atoms representing the terminal, intermediate
and the central row of the nanowire from the vacuum end to the center of the nanowire along the non-periodic direction.
the conductance is expected to exhibit spin dependence,
where spin up (↑) and spin down (↓) electrons contribute
independently to the number of conductance channels.25
Hence Eq. 2 can be modified for ferromagnetic nanowires
as,
G =
e2
h
(
N↑(E) +N↓(E)
)
(3)
where, N↑(↓)(E) is the number of spin up (down)
bands at the Fermi energy. The effect of spin orbit
coupling (SOC) on the conduction in Ni Nws has been
investigated based on the ballistic anisotropic magne-
toresistance (BAMR) computation described by Velev
et al.34 We have calculated the percentage BAMR as,
BAMR =
N⊥ −N‖
N⊥
× 100 (4)
where N⊥ is the total number of conducting channels,
when the magnetization is perpendicular to the current
direction (axial direction) and N‖ is the number of con-
ducting channels, when the magnetization is parallel to
the axial direction. The two anisotropic magnetization
directions viz., yˆ and zˆ that are perpendicular to the
current direction (xˆ) give different percentage BAMR
denoted by A (B), respectively.
We have used the Stoner’s model of ferromagnetism to
determine the appearance of ferromagnetic ground state
in Ni Nws. The product satisfying I · n◦EF > 1 defines
the system as ferromagnetic, where I is the Stoner ex-
change parameter, obtained from ∆ex = Im. The ∆ex
defines the exchange splitting between majority and mi-
nority spin electrons due to magnetization, and is calcu-
lated directly from the total density of states (DOS) of
nickel nanowires. The quantity m denotes the magnetic
moment per atom, whereas n◦EF denotes the normalized
DOS (DOS per atom per spin) at the Fermi energy (EF )
of the nonmagnetic calculation.
III. RESULTS AND DISCUSSION
A. Structure and stability
We have investigated different geometries of Ni nanos-
trips of widths upto 1 nm approximately. Figure 1 shows
the optimized geometries of nickel nanowires arranged
according to increasing number of rows. In each row, the
structures are arranged in the ascending order of stabil-
ity. The bond lengths between nickel atoms in the unit
cell of each nanowire are displayed in Fig. 1. Linear
Ni nanowire (Fig. 1a(i)) has been investigated earlier in
detail1,8,25,29,31,44,45 and we report it for comparison with
the magnetic properties of increasing width nanostrips.
Our bond length of 2.17 A˚ is in good agreement with
the calculations of Zeleny´ et al.21 Like gold Nws, infinite
length linear Ni nanowire does not exhibit dimerization
4in bond lengths.40
In the double row Nws, nickel forms either rectangular
or parallelogram structure. Our investigations show
that, unlike gold nanowires (GNWs), Ni Nws show a
single minima in the double row parallelogram structure,
which consists of all acute angle triangles. The double
row parallelogram and rectangular structure form the
basic building blocks for all subsequent higher row
structures. The important difference between GNWs
and Ni Nws is that, the metastable structures like zigzag
(ZZ), hexagonal (HX), double zigzag (DZZ) in GNWs
are not observed in Ni Nws. The optimization of these
structures leads to more stable PR-1 and HX structure
(that is formed of a rectangular structure sandwiched
between two parallelogram structures). In the present
work, we have investigated additional structures like
HX-T1 and HX-T2 (Fig. 1e(iii) and Fig. 1e(iv) re-
spectively), which are formed by different combinations
of rectangular and parallelogram structures. HX-T1
consists of an alternate parallelogram and rectangular
row of Ni atoms along the Y direction, whereas, in the
HX-T2 case, the topmost rectangular row is replaced by
a parallelogram row. These additional structures assist
to understand that, the stability in Ni NWs is strongly
dependent on the geometrical arrangement of Ni atoms.
All rectangular nanowires show a bond length of 2.25
A˚ along the periodic direction except for RT-2 structure
which has a 2.26 A˚ bond length. The parallelogram
nanowires have slightly enhanced bond lengths of 2.30
A˚ for PR-1, PR-2, 2.33 A˚ for PR-3, PR-4, and 2.34
A˚ for PR-5 structure, in comparison with that of rect-
angular nanowires. These bond lengths are converging
to 2.26 A˚ and 2.36 A˚, respectively−the single layered
limit for Ni (100) and Ni (111) films. The rectangular
and parallelogram nanowires show dimerization in bond
lengths along the nonperiodic direction, similar to that
observed in GNWs.40 The dimerization in bondlengths
is observed for nanowire structures made up of 4 or
more rows of nickel atoms and it is symmetric from the
center of the structure along the nonperiodic Y direction.
Figure 2 shows the plot of the calculated binding
energies per atom as a function of number of rows, for
each nanowire investigated. In general, as the width of
the nanostrips increases the stability of the structures
increases. The parallelogram shaped nanowires are the
most stable structures within a particular number of
rows. Nanowires formed via a combination of paral-
lelogram and rectangular motifs are stable over pure
rectangular shaped structures. The energy difference
between rectangular shaped and parallelogram shaped
structures, is small at smaller widths, however, the
difference increases with an increase in the width. Our
calculations show that a single layer parallelogram film
is more stable than rectangular film by 0.34 eV/atom.
This increase in the energy difference between rect-
angular and parallelogram nanowires with increasing
number of rows was observed previously in the case
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FIG. 2: The binding energy as a function of the number of
rows of atoms in the Nw structure. The filled squares rep-
resent parallelogram structures, filled circles represent rect-
angular structures. The open pentagons represents rhombus
structure, and all other remaining structures are shown by
triangles.
of GNWs.40 The energy difference between rhombus
and rectangular wires is large for 3 rows, however, the
difference reduces with increasing number of rows and
crossover in stability is observed at 6 rows. The rhombus
structure and rectangular structures are the least stable.
The structures that incorporate parallelograms are
energetically more preferred. The HX-T2 structure
with more rows of parallelograms is stable over HX-T1
structure. The binding energies of the rectangular and
parallelogram shaped nanowires are converging to their
calculated single layered film limit of –3.34 eV/atom and
–3.68 eV/atom, respectively.
In order to understand the stability of the nanowires,
we have calculated the average number of nearest neigh-
bors in each structure and listed them as bonding factor
in Table-I, along with the number of rows and the width
of the structure. The higher stability of parallelogram
Nws in any row can be attributed to their higher bond-
ing factor (or largest number of nearest neighbors) in
comparison with the other structures that have the same
number of rows. In addition, we have also analyzed the
decomposition of total charge in the parallelogram and
5TABLE I: The width, bonding factor, magnetization and spin resolved conductance channels for nickel nanowire geometries
shown in Fig. 1. The nanowires are arranged according to increasing number of rows. In each row, structures are listed in
increasing order of stability.
Geometry Number Width Bonding Factor Magnetization Conduction channels
of rows (nm) (bonds/atom) (µB/atom) (↑) (↓)
Linear (LR) 1 0.00 1.00 1.16 1 6
Rectangular (RT-1) 2 0.22 1.50 0.90 2 6
Parallelogram (PR-1) 2 0.20 2.00 0.94 2 6
Rhombus (RH) 3 0.23 1.33 0.75 1 3
Double rectangular (RT-2) 3 0.44 1.66 0.81 3 7
Pentagonal (PNT) 3 0.42 2.00 0.82 2 6
Double parallelogram (PR-2) 3 0.40 2.33 0.86 2 5
Triple rectangular (RT-3) 4 0.67 1.75 0.83 4 9
Hexagonal (HX) 4 0.62 2.25 0.88 3 7
Triple parallelogram (PR-3) 4 0.61 2.50 0.86 3 10
Centered hexagonal (CHX-1) 5 0.46 2.20 0.86 2 6
Quadruple rectangular (RT-4) 5 0.89 1.83 0.86 5 12
Hexagonal type-I (HX-T1) 5 0.88 2.20 0.84 4 12
Hexagonal type-II (HX-T2) 5 0.83 2.39 0.86 4 12
Quadruple parallelogram (PR-4) 5 0.81 2.60 0.85 4 13
Quintuple rectangular (RT-5) 6 1.12 1.80 0.89 6 17
Centered hexagonal-II (CHX-2) 6 0.58 2.16 0.82 3 4
Quintuple parallelogram (PR-5) 6 1.02 2.66 0.85 4 12
Bulk nickel 6.00 0.62
TABLE II: The l-decomposed charges per atom within the sphere having Wigner-Seitz radius, for the terminal (T), intermediate
(I) and central (C) atoms of rectangular and parallelogram nickel nanowires shown in Fig. 1.
Rows site Rectangular Wires Parallelogram Wires
in Nws s p d total s p d total
1 T 0.55 0.15 8.33 9.03 0.55 0.15 0.83 9.03
2 T 0.54 0.23 8.35 9.12 0.53 0.25 8.35 9.12
3 T 0.54 0.21 8.37 9.12 0.54 0.22 8.36 9.12
C 0.54 0.34 8.34 9.22 0.54 0.39 8.31 9.24
4 T 0.54 0.21 8.36 9.11 0.54 0.22 8.35 9.11
C 0.54 0.32 8.35 9.21 0.55 0.38 8.30 9.23
5 T 0.54 0.21 8.36 9.11 0.54 0.22 8.35 9.11
I 0.54 0.32 8.34 9.19 0.55 0.37 8.30 9.23
C 0.53 0.30 8.35 9.18 0.56 0.37 8.31 9.23
6 T 0.54 0.21 8.35 9.10 0.54 0.22 8.35 9.11
I 0.54 0.32 8.34 9.20 0.55 0.37 8.31 9.22
C 0.54 0.30 8.35 9.18 0.56 0.35 8.31 9.22
rectangular structures and listed their l -projected com-
ponents in Table II along with that of the linear wire for
comparison. The values of the charges are listed for the
atoms along the y-direction from the vacuum end to the
center of the nanowire. The atomic sites for the terminal
row, intermediate row and central row atoms are labeled
as ‘T’, ‘I’ and ‘C’, as shown in Fig. 1. It is observed
that the least coordinated linear structure has the least
amount of charge in p orbitals as compared to that in all
the higher width Nws. Adding one row of Ni atoms to
the linear wire structure, increases the electron occupa-
tion in p orbitals of the terminal atoms to 0.08 and 0.10
for the rectangular and parallelogram Nws, respectively.
For all the Nws with number of rows ≥ 3, the increased
coordination of the ‘I’ and ‘C’ kind of atoms enhances the
p orbital occupancy. In the rectangular shaped nanowires
6with 5 and 6 rows of atoms, the central atoms loose some
of their p charge to the interstitial region, thus reducing
the total charge of the ‘C’ atoms. Interestingly, the ‘I’
atoms of 5 and 6 row rectangular atoms show more total
charge than ‘T’ and ‘C’ atoms. The ‘C’ atoms of 5 and 6
row loose more charge to the vacuum in comparison with
‘I’ atom, although both have the same coordination, un-
like that of the parallelogram Nws of the same number
of rows. In parallelogram Nws, only the terminal row
atoms are affected by the metal-vacuum interface in the
XY-plane and all sub-terminal atoms (‘I’ and ‘C’ type)
have essentially unchanged total charge. This reduction
in p charge of the ‘T’ atoms at the metal vacuum inter-
face of two dimensional films is analogous to the loss of
p charge by the surface atoms observed by Wimmer et
al. for a 7 layer slab of Ni (001).9 Our results demon-
strate that the metal vacuum interface has the largest
effect on the p orbital electron distribution. Increase in
total charge on an atom in parallelogram Nws is because
of the increase in p contribution. This increase in total
charge as compared to that of rectangular Nws enhances
the stability of parallelogram Nws. We believe this sta-
bility preference will be retained in nanowires deposited
on surface.
B. Electronic structure and conductance
We have calculated the spin-dependent electronic en-
ergy band structure (BS) and density of states (DOS)
of all the nanowires to study their electronic and con-
ducting properties. As the number of rows in the Nws is
increased, the d states are increasingly delocalized lead-
ing to an increase in the stability of the nanowires of
increasing widths. In all the Nws investigated here, the
3d, 4s and 4p states hybridize, so that all the spin up
states are filled, while the spin down states are left un-
filled. The spin dependent band structure shows large
number of unfilled spin down energy bands in compari-
son with the spin up bands at the Fermi level. In the spin
up band structure, the d orbital bands are approximately
0.5 eV below the Fermi level. The fat band analysis of
the spin up band structures of all nickel nanowires shows
contributions at the Fermi energy from s, dxy and dx2−y2
orbitals. The contributions from the s states are large
in comparison with the contributions from the d states.
Amongst the d states, dx2−y2 contributes strongly and
dxy has minor contributions in the rectangular Nws. In
parallelogram Nws, the dx2−y2 orbitals are filled, pulled
below the Fermi level and dxy contributes strongly at the
Fermi level. In rectangular nanowires as the number of
rows is increased, the dx2−y2 states extend beyond the
Fermi energy leaving them increasingly unfilled. As the
number of rows in parallelogram nanowires is increased,
the dxy orbitals become more delocalized and their con-
tribution to the spin up states increases. Our analysis
from the partial DOS reveals that this increased contri-
bution is from the atoms in the inner rows of the Nw
structure. The terminal rows of atoms do not give sig-
nificant contribution from the dxy orbital. As the co-
ordination of the atoms in the nanowires increases with
increasing widths, the px and py orbitals give enhanced
contributions in spin up bands, which assists to increase
the stability of the nanowires. On the other hand, in
the spin down energy band structures, all the d orbitals
show dominant contributions along with the s orbital at
the Fermi level. The hybridized spin down energy levels
have less contributions from the p electrons.
The conductance in nickel nanowires was calculated
using Landauer formula41 (Eq. 2 and Eq. 3). Our cal-
culated values of conductance in all nickel nanowire are
listed in Table I for spin up and spin down channels.
The less stable nanowires show higher conductance than
the more stable nanowires, in agreement with the con-
ductance behavior in Au Nws. All rectangular nanowires
with rows ≥ 2 have enhanced number of conduction chan-
nels than that of parallelogram nanowires. The enhanced
conductance in rectangular Nws in comparison with par-
allelogram Nws was also observed in Au nanowires.40
All rectangular nanowires show a consistent increment
in the total number of (spin up and spin down) con-
duction channels with an increase in the width of the
nanowires. However, the parallelogram Nws show a very
small increase in total number of conduction channels as
the width increases. It must be noted that in all Nws,
there is not a significant increment in the number of spin
up channels as the number of rows is increased, how-
ever, there is a large enhancement in the number of spin
down conduction channels. In agreement with earlier
calculations,24 the charge carriers in spin up conductance
channels are mainly s type and in spin down conductance
channels the charge carriers are mostly d type with minor
contributions from s type.
C. Magnetic Properties
1. Magnetic moment
Earlier studies on Ni surfaces have shown that (111)
films of > 3 layers are ferromagnetic, whereas films of < 3
layers show a paramagnetic behavior.46,47 This raises an
interesting question, what is the effect of the width and
structure of single layered nanostrips on their magnetic
properties? With this aim, we have investigated the mag-
netic properties of Ni Nws and compared them with Ni
monolayers. The calculated magnetic moments of the
Nws are listed in Table I. As expected, in nanostructures
with reduced coordination, all Nws have enhanced mag-
netic moments in comparison with that of the bulk. The
linear wire with the least coordination has the largest
magnetic moment and the magnetic moments decrease
with minor fluctuations as the widths of the nanostrips
increase. A comparison of the magnetic moments of the
rectangular and parallelogram shaped wires is plotted
in Fig. 3, and it shows that the magnetic behavior of
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FIG. 3: The magnetization in 2D nickel nanowires with in-
creasing number of rows of atoms. Filled squares represent
parallelogram nanowires, filled circles represent rectangular
nanowires. Magnetization in linear Nw is shown by triangle.
these wires is considerably different. In the rectangular
wires, the magnetic moments initially decrease and then
increase again. Interestingly, the triple row RT-2 struc-
ture, has a magnetic moment of 0.81 µB/atom, which is
less than the magnetic moments of other higher row rect-
angular structures as well as that of the Ni (100) mono-
layer. Our calculated magnetization of 0.83 µB/atom for
a (100) monolayer film, is in good agreement with 0.86
µB/atom of (100) monolayer.
10 The magnetic behavior of
RT-2 is unusual when compared to the observation that
magnetic moments increase as the atomic coordination
decreases. We find that the “magic structure” RT-2 has
an uncommon behavior in all the magnetic aspects ana-
lyzed. The parallelogram shaped wires exhibit an initial
sharp decrease and then the magnetic moments decrease
very gradually with small fluctuations. The six row par-
allelogram structure (PR-5) has a magnetization of 0.85
µB/atom, which is larger than the calculated (111) film
value of 0.79 µB/atom. Our calculated bulk magnetiza-
tion value of 0.62 µB/atom is in good agreement with the
earlier reports.10,16,17,48
The values of decomposed magnetic moments for all
symmetric atoms (described as ‘T’, ‘I’ and ‘C’ in the pre-
vious subsection) in rectangular and parallelogram Nws
are listed in Table-III. As expected for magnetic systems,
the difference in the contributions from spin up d orbitals
and the spin down d orbitals, gives rise to the spin im-
balance in Nws. However, the spin imbalance in the Nws
is also dictated by the polarization of s and p orbitals
and their contributions in addition to that of the contri-
butions of the d orbitals. The variations in the magnetic
moments (Table-I) of the Nw structures investigated arise
from the amount of slightly negative polarization of de-
localized s and/or p orbitals which is listed in Table-III.
Linear Nw has the largest spin imbalance in s and d or-
bitals amongst the 2D structures we investigated, and
this accounts for its large net magnetization. We notice
that, all rectangular nanowires show a small negative p
polarization. The unusual magnetic behavior of RT-2 is
on account of it being the only rectangular Nw with a
negative s polarization in addition to the negative p po-
larization. The contributions from the d orbitals decrease
until the 3 row “magic structure” and then increase again
as the number of rows in the Nws are increased. Hence,
the magnetic moments show an initial decrease and then
increase again as the number of rows is increased, in rect-
angular nanowires. The increased coordination of the ‘C’
type of atoms with an increase in the number of rows,
reduces their magnetic moments. Increment in the co-
ordination saturates slowly as the number of rows is in-
creased, and hence magnetization values converge slowly
to their single film limit.
The parallelogram Nws with > 2 rows of atoms, show
negative polarization in the s and p orbitals of atoms
in the non terminal rows. The amount of the negative
polarization in the Nws is symmetric about the center
of the nanowire and decreases slightly as the number of
rows is increased. The d contributions do not change
as the number of rows is increased and hence the to-
tal magnetic moment of atoms in parallelogram shaped
wires decreases with an increase in the number of rows
of atoms. Although, the negative polarization of s and
p orbitals is significantly smaller in value, in compari-
son with the positive polarization of d orbitals, it plays a
significant role in the magnetic behavior of the parallelo-
gram Nws. The increased coordination of ‘I’ and ‘C’ type
of atoms leads to a decrease in the charge differences in
majority and minority spins, thus, reducing their mag-
netic moments. In addition, the negative s and p po-
larization of the ‘I’ and ‘C’ (Table-III) atoms although
small, reduces the total spin imbalance, resulting in the
reduction of net magnetization. As a result, the parallel-
ogram Nws show decreased magnetization as the number
of rows is increased. The negative polarization of ‘I’ and
‘C’ atoms in rectangular Nws (−0.01 and 0.00 ) is smaller
in comparison with that of parallelogram Nws (−0.02 and
−0.03) (Table-III). This enhances the net magnetic mo-
ment of atoms in rectangular nanowires in comparison
with parallelogram Nws.
In RT-2 Nw, the ‘C’ atom, besides being more
coordinated than ‘T’ atom, gives large spin imbalance
due to d states. This spin imbalance due to d states
in RT-2 Nw enhances the net magnetic moment of the
atoms belonging to the central row. This is the only
structure, whose terminal atoms show reduced magnetic
moments in comparison with the magnetic moment of
the central atom. This reduction is similar to the reduc-
tion in the magnetic moments of surface atoms reported
earlier for Ni (001) multilayer slabs, with existence of
8TABLE III: The difference between up and down charge per atom for the terminal (T), middle (M) and central (C) row atom
in parallelogram and rectangular nickel nanowires.
Rows site Rectangular Wires Parallelogram Wires
in Nws s p d total s p d total
1 T 0.03 0.00 1.08 1.11 0.03 0.00 1.08 1.11
2 T 0.00 0.00 0.90 0.89 0.01 0.00 0.89 0.90
3 T 0.01 -0.01 0.84 0.84 0.00 -0.01 0.87 0.86
C -0.01 -0.01 0.91 0.89 -0.01 -0.03 0.89 0.85
4 T 0.01 -0.01 0.87 0.86 0.00 0.00 0.89 0.89
C 0.00 -0.01 0.85 0.84 -0.01 -0.03 0.89 0.86
5 T 0.01 -0.01 0.89 0.89 0.01 0.00 0.89 0.90
I 0.00 -0.01 0.89 0.88 -0.01 -0.02 0.89 0.86
C 0.01 -0.00 0.84 0.86 -0.01 -0.02 0.84 0.80
6 T 0.01 -0.01 0.90 0.90 0.01 0.00 0.89 0.90
I 0.00 -0.01 0.90 0.89 -0.01 -0.02 0.89 0.86
C 0.01 0.00 0.85 0.86 -0.01 -0.02 0.84 0.80
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FIG. 4: The magnetic dipolar energy for rectangular and par-
allelogram NWs. anisotropy energy (MAE) for parallelogram
and rectangular shaped nanowires as a function of number
of rows of atoms. Filled squares, and filled rhombus shows
Ed for parallelogram and rectangular NWs with magnetiza-
tion along xˆ, empty triangles and circles show Ed for paral-
lelogram and rectangular NWs with magnetization along yˆ,
empty pentagons and empty squares show Ed for parallelo-
gram and rectangular NWs with magnetization along zˆ.
“magnetically dead layers”.49 In RT-2 structure, the
resultant magnetic moment due to ‘C’ and ‘T’ atoms
gives large dip in the magnetization curve (plotted in
Fig. 3). The spin density (not shown here) of the
terminal row atoms have significant contribution than
that of intermediate and central row atoms, because
of spin imbalance due to low coordination. The spin
density distribution is symmetric in the yˆ direction
for parallelogram, rectangular and centered hexagonal
structures. As the number of rows in the parallelogram
Nws increase, the negative spin density in the interstitial
region gradually increases from the center of the Nw to
the terminal row. As discussed in Sec. (III C 1), this
leads to reduced magnetic moment in PR-4 structure in
comparison with RT-4 structure, which exhibits negative
spin densities only on the terminal row atoms.
2. Magnetic anistropy energy
Besides a qualitative understanding of the changes in
the magnetic moments as the number of rows is increased,
we are interested in knowing the preferred spin orienta-
tions in these nanowires from an applications perspective.
At reduced dimensions, the asymmetry in the structure
has a significant contribution to the shape anisotropy
along with the magnetocrystalline anisotropy. The mag-
netic shape anisotropy was determined from the classical
magnetic dipole interaction between the magnetic mo-
ments in the system. Figure 4 shows the magnetic dipolar
interaction energy along the Cartesian axes. One dimen-
sional linear nanowire has the lowest energy when the
magnetic moments are aligned along the wire directions.
The magnetic moments along the perpendicular direc-
tion to the wire plane are unstable, as the dipolar en-
ergy is positive. This is in agreement with earlier work.1
The magnetic dipolar energy of the medium axis reduces
with increasing number of rows in the nanowires, but
is still higher than that of the easy axis of rotation. All
nanowires have the hard axis aligned perpendicular to the
wire plane and the magnetic dipolar energy of the hard
axis increases as the number of rows in the nanowires are
increased.
The magnetic shape anisotropy εd for Ni NW’s is
shown in Fig. 5. The shape anisotropy energy Ks1 de-
creases sharply from linear wire to two row nanowires
by 0.006 meV/atom. Further increase in the number
of rows, gradually decreases the anisotropy energy. The
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FIG. 5: The magnetic shape anisotropy (MSA) energy for
rectangular and parallelogram NWs. The squares represents
parallelogram NW, whereas, circles show rectangular NWs.
Filled legends represent shape anisotropy energy Ks1 , whereas
the empty legends show Ks2 . Triangle represents MSA for
linear nanowire.
MSA energy Ks2 decreases from linear nanowire to double
row rectangular/parallelogram structure, however, for
higher number of rows, the value of MSA is enhanced.
This indicates that, as the nanostrip becomes thicker,
the magnetic moments are unlikely to orient in the zˆ
direction due to an increase in the shape anisotropy en-
ergy. The magnetic anisotropy energy (MAE) has an-
other contribution from magnetocrystalline anisotropy
(MCA), which originates from the spin orbit coupling in
the system. Our calculations show that, the MCA energy
is about 200 times larger than the shape anisotropy en-
ergy, and hence has a strong impact on the total magnetic
anisotropy energy. MCA for parallelogram and rectan-
gular Nws is plotted in Fig. 6 . It is interesting to see
that Kc1 for parallelogram structures is found to decrease
as the number of rows is increased in the Nw. How-
ever, for rectangular structures, Kc1 reduces from RT-1
to RT-2 Nw, but, further increase in the number of rows
increases the MCA. This behavior of magneto-crystalline
anisotropy energy is qualitatively similar to that of the
net magnetization (Fig. 3), as the number of rows is in-
creased. Kc2 for parallelogram and rectangular nanowires
has a higher MCA than Kc1 of respective nanowires, im-
plying it is energetically expensive to have magnetic mo-
ments directed in vacuum along the z direction. As the
number of rows (i.e., thickness) of the parallelogram Nws
increase, the energy required to rotate the easy magneti-
zation axis is reduced and converges to 0.1 meV/atom for
the (111) film. For (100) film, due to rotational invari-
ance at 90◦ in the film plane, we observe that the axial
magnetization is isotropic in the XY -plane (Kc1=K
c
2=0.9
meV/atom). However, the hard axis remains perpendic-
ular to the plane.
The total magnetic anisotropy energy (MAE) is plot-
ted in Fig. 7. The MAE (K1 and K2) is dominated
mainly by Kc1 and K
c
2 values. The linear nanowires pre-
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FIG. 6: The magnetocrystalline anisotropy energy (MCA) for
parallelogram and rectangular shaped nanowires as a function
of number of rows of atoms. Squares denote the parallelogram
nanowires, whereas circles denote the rectangular nanowires.
The filled legends represent Kc1 , whereas empty legends rep-
resent Kc2 . Triangle represents MCA of linear nanowire.
fer to magnetize along the wire axis, in agreement with
earlier results.1,50 However, our result for PR-1 Nw is in
contradiction with the reported results1 as we observe
that the easy axis of magnetization points along the wire
direction and not perpendicular to the wire direction.
Our calculations show that, in rectangular and parallelo-
gram nanowires, the easy axis is along the wire direction,
except for the magic structure “RT-2”, where, the easy
axis is perpendicular to the wire direction and in the ge-
ometrical XY -plane of the structure. We mention that,
in case of RT-2 structure, although the magnetic dipolar
energy shows the preferred magnetization along the wire
direction, the energy due to interaction between spin and
orbital motion of electrons has a much stronger contribu-
tion in the MAE, which leads to the magnetization axis
being perpendicular to the wire axis.
In general, we observe that the axial MAE, K1 is
always larger than K2, in all the nanowires. Thus, the
external energy required to rotate the magnetization
axis perpendicular to the plane is much higher than the
energy required to rotate in the plane but perpendicular
to the wire axis.
3. Ballistic anisotropic magnetoresistance (BAMR)
The MAE also has a significant effect on the ballistic
transport in the nanostrips. The ballistic conductance is
influenced by spin orbit coupling and exhibits anisotropy
with the magnetization direction.54 There is a change
in the ballistic conductance when the magnetization di-
rection changes with respect to the current direction as
the number of bands crossing the Fermi level changes
due to the spin orbit coupling interaction.34 We have in-
vestigated the size dependence of BAMR in parallelo-
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FIG. 7: The total magnetic anisotropy energy (MAE) for
rectangular and parallelogram NWs. The squares represent
parallelogram nanowire, whereas, circles show rectangular
nanowires. The filled legends denote the total MAE K1,
whereas empty legends show K2. The MAE of linear nanowire
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TABLE IV: The ballistic anisotropic magnetoresistance
(BAMR) for linear, parallelogram and rectangular nickel
nanowires. “A” and “B” show the BAMR (in %) with re-
spect to M ‖ yˆ, and M ‖ zˆ, respectively, with the current
direction being parallel to xˆ
Rows Linear Nw Parallelogram Nws Rectangular Nws
in Nws A B A B A B
1 14 14 - - - -
2 - - 0 0 0 0
3 - - -25 -25 17 0
4 - - 9 29 0 0
5 - - 0 27 19 19
6 - - 0 13 9 9
gram and rectangular nanostrips with increasing number
of rows. We have calculated the BAMR when the mag-
netization direction is parallel to yˆ and parallel to zˆ and
list these results in Table-IV. Our result on BAMR in
linear wire is in agreement with the results of Sokolov
et al.54 and Velev et al.34 In addition, we find that for
the magnetization direction M ‖ yˆ and M ‖ zˆ, the num-
ber of conduction channels are identical, thus giving the
same BAMR ratio in both the cases. In general, the
Ni nanostrips exhibit a nonlinear behavior in BAMR
with increasing widths. The nanostrips exhibit finite size
fluctuations in BAMR. The double row structures ex-
hibit no change in conductance with change in magne-
tization directions. PR-2 is the only structure with a
negative BAMR. In rectangular NWs, the BAMR with
M ‖ yˆ and M ‖ zˆ are identical except for the RT-2 struc-
ture, which has zero BAMR with M ‖ zˆ. In rectangular
Nws, the magnetization direction does not affect the con-
ductance properties as strongly as in the parallelogram
shaped wires, where the BAMR ratio is sensitive to the
in plane and out of plane perpendicular orientation of the
magnetization field.
4. Stoner’s criterion in Ni Nws
The magnetism in 3d transition metals such as Ni
and Co is explained on the basis of theory of itinerant
electrons.55,56 Our spin DFT results for Ni Nws have the
ferromagnetic ground states to be lower in energy than
antiferromagnetic and non magnetic states.
We have analyzed the appearance of magnetic ground
state using Stoner’s model.55,57–59 The product I · noEF
is plotted for Ni Nws, monolayer films (Ni (111) and Ni
(100)) in Fig. 8 and the values of the exchange splitting
and normalized DOS are listed in Table-V for compar-
ison. The dotted horizontal line in Fig. 8 shows the
product I · noEF = 1, which is the demarking value for
ferromagnetic behavior. The value of the product I ·noEF
depends on the Stoner integral which is derived from the
exchange splitting in the ferromagnetic (or antiferromag-
netic) system. It has been shown that, the Stoner param-
eter (I) does not depend on the atomic arrangement in
the system.57 However it can be seen from Table-V, the
Stoner parameter is sensitive to the dimensions of the
system. In general, the Stoner parameter for rectangular
nanowires exhibits larger values than that of the parallel-
ogram nanowires, when compared for the respective num-
ber of rows. The value of I for (111) and (100) monolayer
film is small than that of the bulk Ni (I · noEF = 1.91).
Our calculation of the Stoner criterion in bulk Ni is in
agreement with the previous results.60
The coupling between the first nearest neighbors in
infinite Ni atomic chain (J01 > 0) indicates that, the
noncollinear magnetic alignment is not stable,61 however
in small finite zigzag Ni chains, noncollinear magnetic
ground states have been observed.27 Our spin spiral rela-
tivistic calculations are in agreement with the results on
infinite chains. The strong magnetic anisostropy energy
in comparison with the exchange splitting energy enforces
the magnetic moments in the infinite Ni nanowires to ori-
ent in ferromagnetic order.
iThe least stable linear Nw has the product I · noEF
larger than all parallelogram nanowires including Ni
(111) monolayer and Ni bulk. Among rectangular Nws,
RT-3 Nw exhibits the largest value of the product I ·noEF
(2.75).‘:w The value of I · noEF is a measure of strength
of ferromagnetism in system. With an increase in the
number of rows in (111) direction, the strength merely
decreases with an increase in the number of rows upto
4, however it shows irregular nature for number of rows
> 4. The monolayer film shows I ·noEF = 1.40 indicating
clear ferromagnetic nature and is in agreement with the
previous results.10,62 As the number of rows are increased
in (100) direction, the I ·noEF shows a dip at RT-1 struc-
ture and a maximum at RT-3 Nw. The product I · noEF
decreases with an increase in the number of rows. How-
ever, similar to (111) oriented structures, all rectangular
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FIG. 8: The Stoner criterion for parallelogram and rectangular nanowires as a function of increasing number of rows. Filled
squares show parallelogram Nws and filled circles show rectangular Nws. The triangle represents linear nanowire. The dotted
horizontal line denotes the Stoner condition InoEF =1.
nanowires exhibit ferromagnetic behavior along with Ni
(100) monolayer.
Existence of magnetically dead layers of Ni when de-
posited on non-magnetic substrates viz., Cu, Al and Pd
has been described earlier,10,46,49,63–66 when the number
of atomic layers is less than 3 or 4. However, our calcula-
tions for freestanding monolayers show that, the systems
retains ferromagnetism when not interacting with any
substrate. This result points out the role of hybridiza-
tion of the nonmagnetic substrate atoms in contact with
the film/slabs. The previous results show that, in case
of pure Ni surfaces, magnetically dead layers are not ob-
served, however, the surface layers show enhanced mag-
netic moments.67–69 In analogy with this, our results for
Ni nanowires demonstrate that, the 2D Ni Nws exhibit
enhanced magnetic moments than that of bulk, and show
an absence of dead layers.
The ferromagnetic strength calculated from Stoner’s
criterion (Table- V) is larger for Ni Nws in compari-
son with the bulk Ni. In addition, as discussed in Sec.
(III C 1), the magnetic moments in Ni Nws are enhanced
than that of bulk. These two properties can be correlated
with the enhanced magnetic anisotropy energy (III C 2)
for Ni Nws in comparison with the bulk. The large mag-
netic anisotropy energy in Ni Nws in comparison with the
bulk, forces the magnetic moments to couple ferromag-
netically and requires high energy to fluctuate /decouple
the neighboring magnetic moments from the stable fer-
romagnetic alignment. This is in agreement with the
Mermin-Wagner’s theorem, that 2D Ni Nws can show
ferromagnetic ground state, because these Nws do not
show isotropic Heisenberg interaction, instead they show
System ∆ex I (∆ex/M) n
◦
EF
I · n◦EF
LR 0.966 0.84 3.11 2.60
PR-1 0.680 0.72 3.27 2.37
PR-2 0.828 0.96 1.93 1.85
PR-3 0.673 0.78 2.00 1.55
PR-4 0.761 0.89 2.25 2.00
PR-5 0.704 0.82 2.14 1.75
RT-1 0.920 1.02 1.98 2.02
RT-2 0.686 1.07 2.40 2.58
RT-3 0.925 1.12 2.46 2.75
RT-4 0.901 1.05 2.09 2.19
RT-5 0.870 0.98 2.14 2.09
Ni(111) ML 0.695 0.89 1.59 1.40
Ni(100) ML 0.775 0.92 2.02 1.87
Bulk 0.635 1.01 1.91 1.91
TABLE V: The exchange splitting (∆ex) in eV, the Stoner
parameter I, the normalized value of number of states at EF
and the product I ·n◦EF for Ni Nws, monolayer films (Ni (111)
and Ni (100)), and bulk, respectively.
very large energy differences for different orientations of
the magnetic moments.
IV. CONCLUSION
We have performed systematic investigations on in-
finite length, nickel nanowire structures of increasing
widths. Our investigations show that the parallelogram
structure is the most stable Nw geometry. Rectangular
Nws have a lower stability in comparison with structures
12
that incorporate parallelogram motifs in their geometry.
The stability of the parallelogram motif is due to the in-
creased coordination of atoms and due to contributions
from p electrons. In a particular geometrical structure,
Nws of higher widths have a higher stability. Our stud-
ies on the conductance behavior of the Ni Nws show
that more stable structures have a lower conductance as
compared to the less stable structures. All rectangular
nanowires have higher spin dependent conductance than
the stable parallelogram nanowires. In any geometry,
the number of spin down conductance channels is more
than the spin up conductance channels and the number
of spin down conduction channels increases substantially
with increasing widths of the Nws.
The parallelogram and rectangular Nws have differ-
ent magnetic behaviors with increasing widths. Except
for the RT-2 structure, the magnetic moments of the
Nws are enhanced as compared with the bulk and sin-
gle layered (111) and (100) films. While magnetization
decreases with small fluctuations in parallelogram Nws
towards their (111) monolayer limit, in rectangular Nws,
it initially decreases with RT-2 having the smallest mag-
netic moment and then increases. RT-2 exhibits a mag-
netic anomaly with a smaller magnetic moment in com-
parison with all other higher coordination rectangular
NWs as well as Ni (100) monolayer. This behavior is
contrary to the observation that magnetic moments de-
crease as the coordination of atoms increases. It is not
clear from the small widths investigated here, how the
magnetic moments in rectangular wires converge to their
(100) monolayer value and further investigations are re-
quired to understand this.
The decrease in magnetization values in parallelogram
Nws is on account of the negative polarization of s and p
orbitals, that decreases the spin imbalance due to d elec-
trons. In rectangular Nws, the RT-2 is the only wire that
has small negative s and p polarization, as compared to
all other rectangular wires which exhibit only negative
p polarization. The magnetic anisotropy energy K1 is
lower than K2 in all the Nws. The MAE decreases with
increasing width of parallelogram nanowires, and for rect-
angular nanowires MAE increases with increasing widths.
The easy axis of magnetization is found to be along the
periodic direction of the wire, except for RT-2 structure,
where it is perpendicular. RT-2 Nw exhibits an anoma-
lous behavior in all magnetic aspects as compared with
the other rectangular Nws and hence it is a magic struc-
ture. The BAMR ratio has a non-linear behavior with
increasing widths and is sensitive to the magnetization
orientation in parallelogram shaped nanostrips.
All the nickel nanowires investigated exhibit a fer-
romagnetic behavior based on the Stoner criterion
including (111) and (100) monolayer. We see that
the exchange splitting depends significantly on the
geometrical structure of the nanowire. The rectangular
shaped nanowires exhibit enhanced Stoner exchange
parameter than those of parallelogram nanowires. The
RT-3 structure exhibits the highest Stoner product
amongst all Nws investigated.
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